Pneumatic actuation systems are commonly used to drive the positioning stage due to several merits. However, one of the critical demerits of the pneumatic systems is the problem of the compressibility, which results in the flow disturbance. Another problem of the positioning stage can be addressed to the vibration which occurs due to the active condition of the base plate. This paper concerns the mentioned two issues in a pneumatic positioning stage. In order to suppress the flow disturbance and to reduce the horizontal vibration of the stage due to the reaction force, a combined control scheme is proposed. This scheme is composed of the fusion of flow disturbance observer (FDOB) and base plate jerk feedback (BPJFB) scheme. An enhanced experimental methodology is provided to successfully implement the fusion of the mentioned feedback controllers. The results show the effectiveness of the proposed method.
Introduction

Pneumatic actuated positioning stages and their issues
Micro/nano scale positioning stages are widely utilized in the manufacturing process of the semiconductor devices and precise measurement apparatus. As long as the technology of semiconductor products is going to improve rapidly, precise positioning stages are highly demanded. Recently, the pneumatic actuation systems have a common application due to numerous advantages. The advantages include cost effectiveness, ease of maintenance, long travel range, and no generation of heat and magnetic leakage (1) . However, one of the serious issues of the pneumatic actuators arises from the compressibility, which leads the supplied air pressure to linearly vary from low to high pressure and vice versa in the output of the air compressor. This variation of the supplied pressure, even in presence of the air regulator, results in the flow disturbance. Hence, suppression of the flow disturbance is much essential to provide an accurate positioning response. Another problem of the positioning stages arises from the active condition of the base plate. The industrial positioning stages are commonly mounted on a heavy mass, which is called "base plate". To attenuate the environmental vibrations, the base plates are commonly supported by the anti-vibration isolation tables. Hence, after the stage is positioned by the driving force, the reaction force leads the base plate to oscillate with its natural frequency. This issue, especially, strongly vibrates those base plates which have lower mass. Then, due to the existence of mutual interference between the stage and base plate, the stage is also vibrated oppositely. As a result, the performance of the positioning response is degraded.
A review on control of the flow disturbance and horizontal vibration
To control the flow disturbance, several approaches have been proposed. Reference (2) has utilized the flow disturbance observer (FDOB) based on the pressure difference feedback along with the 2-DOF PDD 2 compensator as the outer loop controller. Where, in Ref.
(3), the pressure difference feedback is used along with a PI compensator to suppress the flow disturbance. However, they have not concerned the effect of reaction force. In other words, the base plate has used to be fixed on the ground as an inactive or static system. To speed up the positioning response and reduce the horizontal disturbances in an XY stage, the base plate acceleration feedback (BPAccFB) is firstly proposed in Ref. (4) . However, due to insufficient theoretical background, Ref. (5) has focused on the theory and formulation of the BPAccFB based on the classical control theory. Where, the feedback is realized as an equivalent to the disturbance zeroing system. Subsequently, the BPAccFB law is determined in Ref. (6) , using the disturbance localization theory. It is declared that the disturbance zeroing cannot be realized by employing the state feedback. However, the feedback is recognized as a system being analogues to the Master-Slave synchronizing system. It is demonstrated that the stage as the Slave has a role of synchronizing correction against the disturbance exerted to the base plate as the Master. In other words, the feedback compels the stage to pursue the motion of the base plate. However, Refs. (4-6) have used the linear motors with fast dynamics as the actuators. For this reason, the BPAccFB has been proposed as a competent control scheme. However, in the case of pneumatic stages, to control the horizontal vibration due to the reaction force, the base plate jerk feedback is further efficient after the driving mechanism is formed as a perfect integrator (7) .
This paper concerns the issues of flow disturbance due to the air compressibility and stage vibration caused by the reaction force, as described in § 1.1. Based on our previous studies in Refs. (7) and (8) , the experimental results exhibit the effectiveness of BPJFB and FDOB applied individually, which will be briefly discussed in § § 2.1 and 2.2. This shows that the fusion of the mentioned feedback schemes can provide fast and accurate positioning. Therefore, in this paper, we propose the combination of the FDOB and BPJFB schemes to provide accurate and fast positioning in a pneumatically actuated stage.
The remainder of this paper is organized as follows. Section 2 briefly introduces the methods including their results, which have been previously utilized to control the flow disturbance and effect of the reaction force. Section 3 explains the proposed control method and the related theories. Section 4 explains the experimental setup and results related to the proposed method. Finally, the conclusion and remarks are provided in Section 5. 
Nomenclatures
Previously employed control methods and objective of the current research
In order to control the flow disturbance and reduce the horizontal vibration due to the reaction force, we have previously implemented the following individual control schemes.
Application of the FDOB and PI-D compensator
Based on Ref.
(2), we replaced the 2-DOF PDD 2 controller to a PI-D compensator to reduce the number of tunable gains in the outer loop controller (8) . Where, the base plate was fixed as a passive system. In other words, the system was not supported by the coil-type spring isolators. Figure 1 shows the experimental results with and without FDOB including the repeatability. It can be clearly observed from the results that the FDOB has a superior performance to suppress the flow disturbance and to speed up the positioning response. The PID compensators have a common application in the field of control. However, in the case of pneumatic stages, the controllers having integral part such as PID or PI-D are not proper, because, the pneumatic driving system also acts almost as an integrator due to its slow dynamics. Hence, double integral action degrades the positioning performance. This effect can be observed in Fig.1 , as the repeatability with FDOB is not improved. 
Application of the BPJFB and PDD 2 compensator
Subsequently, we concerned the dynamic situation of the base plate by using the coiltype spring isolators as the supporting mechanism (7) . To suppress the flow disturbance, a simple pressure difference feedback was conventionally used along with a PI compensator in front of the pneumatic system, based on Ref. (3) . Also, to overcome the slow dynamics of the pneumatic driving system, another PI controller was connected in front of the pressure difference feedback. The time constants of the mentioned PI controllers were previously tuned in Ref. (3) in such a way to maintain the driving mechanism as a perfect integrator. This scheme contributed to attain a suitable control action by the BPJFB scheme as well as to employ the PDD 2 compensator as a proper controller in the outer loop. The BPJFB was firstly realized by exerting an external force to the base plate as a disturbance. Secondly, it was applied for the real condition of positioning to reduce the effect of reaction force. In the real case of positioning, large gains of the PDD 2 compensator was required to speed up the positioning and to synchronize the error and base plate acceleration. For real positioning, a step setpoint of 30,000 counts corresponding to a displacement of 3cm was used to position the stage from 20,000 to 50,000 counts. The BPJFB gain, B, and the gains of the PDD 2 compensator were tuned by using the trail and error method. B = 0.24 × 5V/G was found as an optimal gain, where 5V/G shows the detection sensitivity of the base plate accelerometer.
Herein, we will only show the final result of the above mentioned control system to exhibit the effectiveness of the BPJFB scheme while more details about the control scheme, theory, and experimental results are provided in Ref. (7). Figure 2 shows the final results with and without BPJFB including the repeatability. It can be clearly observed from the results that the stage vibration due to the reaction force is almost suppressed and the repeatability is also improved. However, due to the high gains of the PDD 2 compensator, the air is further compressed inside the actuators, resulting in increase of the flow disturbance. The flow disturbance affects the positioning response after the setpoint is switched on. However, it can be only recognized after the response reaches the rise time, as shown in Fig. 2 . In this case, the pressure difference feedback is not capable to completely reject the flow disturbance. On the contrary, an appropriate scheme which can almost completely suppress the flow disturbance can be addressed to the FDOB. 
Objective of the current research
In this study, the FDOB is implemented for rejection of the flow disturbance affecting positioning such as shown in Fig. 1 . While, the function of BPJFB is to control the stage sinusoidal vibration caused by the reaction force. These two controllers are previously Figs. 1 and 2 , one may simply think that combining the FDOB and BPJFB schemes can provide precise positioning performance. However, in real case, combining the mentioned schemes is not easy due to many difficulties, which can be pointed as how to recognize and separate the issues of flow disturbance and reaction force while at the same time the system is also affected by other uncertainties such as friction force and etc. Also, the dynamics of the plant becomes more complicated as well as the control system due to having a lager number of tuning parameters. In addition, the FDOB and BPJFB schemes might have an effect on the performance of each other. For this reason, an enhanced tuning methodology is required to combine these controllers properly such that the performance of each controller can be realized based on the controlling of the corresponding issue.
Therefore, the objective of the current study is to control the flow disturbance and reaction force using the combination of FDOB and BPJFB through a suitable methodology, in order to provide accurate and high speed positioning and improved repeatability. As a result, the combined scheme with the proper applied method will contribute to the improvement of the accuracy for the industrial positioning stages.
Proposed control method and theory
The proposed block diagram is shown in Fig. 3 . The modeling of the plant and each of the controllers including their theories are briefly described in the upcoming subsections.
Fig.3 Proposed control block diagram in s-domain
Model of the plant
The plant consists of the mechanical part and pneumatic driving system. The schematic diagram of the mechanical part is shown in Fig. 4 . (a), which is composed of the stage as the moving part and base plate as the supporting part. The base plate has two parts, the base itself and the yaw guides formed as a frame. The dimensions (length × width × thickness) of the base plate and stage are 995 × 495 × 80mm and 500 × 260 × 35mm respectively.
The pneumatic driving system is modeled as a low pass filter, as follows (2) :
(1)
The mechanical system is modeled based on the dynamic behavior of the stage and base plate. As mentioned in § 1.1, precise positioning stages are commonly supported by the anti-vibration apparatus to attenuate the environmental vibrations, such as floor vibration and etc. However, since control of the environmental vibrations is not the topic of the ( )
Pneumatic driving sys.
current study, the coil-type spring isolators with weak stiffness are used as the supporting mechanism to the base plate. The dynamic state of the base plate results in the vibration of the stage as well as the base plate during positioning. This phenomenon is illustrated in Fig.  4 (a). From Fig. 4 (a), after the stage is positioned by driving force f d to a specific distance x 1 , the reaction force f r leads the base plate to horizontally vibrate with a displacement x 2 . As the forces are applied toward horizontal plane, the vertical vibration of the system is very small. The vibration toward vertical plane leads the isolation performance to degrade, such as generation of the pitch motion. However, it is neglected due to the small effect to simplify the dynamic modeling. Thus, the free body diagram of the mechanical part of the plant can be modeled as in Fig. 4 (b) (5) (6) (7) . Notice that in Fig Where, f r = -f d . Thus, from Eqs. (2) and (3), the block diagram of the mechanical system can be depicted as a system with 2-DOF, as shown inside the dashed-line box in Fig. 3 . Notice that f ext is assigned in the mechanical system of Fig. 3 to explain the theory of the BPJFB, which will be discussed in § 3.5.
Flow disturbance observer (FDOB)
Disturbance observer is a simple structured control scheme with powerful ability, which is widely employed as an improved robust control scheme in the industries for rejecting disturbances (9) . In the case of pneumatic systems, the supplied air pressure in the output of the air compressor varies from low to high pressure and vice versa with respect to time due to compressibility. This effect results in the flow disturbance which degrades the positioning performance, as can be seen in the results without FDOB in Fig.1 . To control this issue the FDOB is an appropriate scheme (2, 8) . Therefore, the FDOB scheme used in the block diagram of Fig. 3 is only utilized for the purpose of flow disturbance rejection. From Generally, disturbance observer regards the difference between the actual plant's output and the output of nominal model as an equivalent disturbance applied to the nominal model (10) . Hence, to suppress the flow disturbance, the nominal model of pneumatic system, P n (s), is supposed to have the following transfer function.
Where, in theory K air(n) = K air and T air(n) = T air . The inverse of nominal model, P n -1 (s), can be easily defined as: 
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Vol. 6, No. 1, 2012 (5) Equation (5) is an improper transfer function which is not applicable in the real case. To make the inverse of nominal as a proper system, it should be connected in series with a low pass filter (hereinafter Q-filter). Usually, the order of Q-filter is selected the same as of P n -1 (s). Hence, the transfer function is selected to be as Q(s) =1/(1+T lpf s). Hence, the proper inverse of nominal model can be expressed as defined in Eq. (6).
Referring to Fig. 3 , the pressure difference p is applied to the input of the proper inverse of nominal model. Notice that K air(n) ≫ 1 is not included in the practical diagram due to its unknown value. To compensate the absence of K air(n) , the proportional gain K n is assigned in the output of the proper inverse of nominal model. Hence, in practice, K n will have a very small value. In addition, the proportional gains K q and K ob are also used to control the amplitudes of the corresponding signals in the real condition. After the estimated flow disturbance dˆfl is adjusted by tuning K n and K q , it is fed back through K ob to reject the flow disturbance d fl . Referring to Fig. 3 , the closed loop transfer function of the FDOB from w to p can be expressed as: (7) Where, P(s) and P n (s) are given in Eqs. (1) and (4), respectively, and G(s) is defined as: (8) In the case of ideal FDOB, it can be assumed that K n = K q = K ob = 1 as well as Q(s) ≈ 1 at low frequency region. Hence, based on the mentioned assumptions, the second term of Eq. (7) which includes d fl becomes zero. Where, the first term becomes equal to P n (s), as defined in Eq. (9) . Therefore, the flow disturbance is rejected and the actual pant of the pneumatic driving system almost forms as the nominal model. 
Driving mechanism as a perfect integrator
Referring to Fig. 3 , the driving mechanism is referred to the combination of the FDOB, feedback PI controller, and pneumatic system itself. Suppose that Eq. (9) is achieved by applying the FDOB. Then, the transfer function from u to f d can be expressed as follows: (10) In Eq. (10), if T pi = T air(n) is experimentally obtained, the driving mechanism can be formed as a perfect integrator, as in Eq. (11). The main contribution of the perfect integrator is to overcome the issue of slow dynamic (large T air ) of the pneumatic driving system. Where, the reference r is only fed to the P controller. The PDD 2 compensator contributes to avoid the derivative kick. In addition, this compensator, unlike PID or PI-D controllers, does not form the complete closed loop as a type-2 system due to absence of integrator within its structure, as discussed in § 2.1. As a result, the positioning stability and performance of the pneumatic stage will be improved.
The base plate jerk feedback (BPJFB)
In Refs. (4 -6), the authors used the linear motors as the actuators. It is well known that both the linear motor driver and pneumatic driving system are commonly modeled as a first order lag system. However, the time constant, T air , of the pneumatic driving system is much larger than that of the linear motor. Therefore, due to having small time constant, the linear motor driver can be approximated to its proportional gain. In such a case, the BPAccFB is proper to be used for controlling the reaction force (4 -6) . However, in the case of pneumatic actuators, the BPAccFB does not perform well due to the large value of T air . To solve this issue, the BPJFB which corresponds to the feedback of first pseudo derivative of the base plate acceleration is efficient after the driving mechanism is obtained as a perfect integrator. This is because, in such a case, pole and zero cancelation occurs between the driving mechanism and BPJFB scheme. Therefore, it indicates that the BPJFB in the pneumatic actuated stage is the same as the BPAccFB in linear motor actuated stage. In Ref. (7), the external force f ext is used as a disturbance exerted to the base plate to experimentally realize the BPJFB. However, herein f ext is assigned in the mechanical model of the plant to explain the theory of the BPJFB. Suppose the driving mechanism in Fig. 3 is obtained as a perfect integrator as defined in Eq. (11) and v = 0, then the transfer function from f ext to x 1 -x 2 can be defined as:
To suppress the effect of f ext , H(s) should be zero, which is theoretically possible by setting the numerator of Eq. (12) to zero.
(13) From Fig. 3 , the horizontal acceleration of the base plate is fed back through the pseudo differentiator rather than a perfect differentiator to eliminate the measured noise at high frequency. The time constant T is selected as small as possible, i.e. T = 1/[2π(50Hz)] (7) .
Thus, it is supposed that (1+Ts) ≈ 1. Hence, the approximate optimal value of the BPJFB gain, B opt , can be defined from Eq. (13) as follows:
Now, using the advantage of the superposition theorem, suppose v = 0. Then, the driving force f d(bp) which is provided only by the BPJFB through the perfect integrator, can be defined as follows: (6) and (7), by increasing gain B against the free vibration of the base plate generated by f ext . The corresponding results show that although the base plate still vibrates under the closed loop condition of the BPJFB, the error is decreased by inserting the value of B. Therefore, the performance of the BPJFB with positive polarity is similar to a Master-Slave system. In addition, Eq. (16) shows the appropriate combination of the BPJFB and driving mechanism which provides a force compelling the stage to follow the motion of base plate.
Therefore, according to the theories explained above, the fusion of the FDOB and BPJFB provides a sufficient scheme to reject the flow disturbance and to control the effect of the reaction force. Figure 5 shows the experimental setup. The stage with resolution of 1µm/count and weight of 15kg is fixed between the yaw guides of the base plate. Where, it is guided by the needle-bearing system and actuated by two pairs of the pneumatic cylinders (M16D300.0S with maximum stroke of 10cm = 100,000 counts). However, during experiments the stage is positioned with a stroke of 30,000 counts. The compressor provides pressurized air. A singular regulation system is utilized to regulate and filter the supplied air to the actuators. The inner pressures of each pairs of the pneumatic cylinders are detected by two pressure sensors (Setra Model-204 with detection sensitivity of 10/700 V/kPa). The outputs of the pressure sensors are applied to the detection circuit to provide the pressure difference signal. This signal is then fed back through the proper inverse of nominal model to suppress the flow disturbance. 
Experimental setup and results
Experimental setup
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An accelerometer (JA-5V with detection sensitivity of 5V/G) is fixed on the top of the base plate to detect its horizontal acceleration. The output of this sensor is used as the input to the BPJFB scheme. Finally, to stabilize the overall performance of positioning, the relative position (x 1 -x 2 ) is fed back using an optical encoder (MercuryTM3500i).
The DSP operating in discrete-time domain is used as the main controller. The sampling time and Nyquist frequency of the DSP are 0.1ms and 5kHz respectively. The control block diagram of Fig. 3 is designed in z-domain, using the real-time workshop of MATLAB/ Simulink. Referring to Fig. 5 , the feedback signals are applied to the input ports of the DSP. After processing the feedback signals based on the control scheme inside the DSP, the control signal is provided. This signal with negative polarity is applied to the right servo valve. While, the same signal with positive polarity is fed to the left servo valve. This difference in the polarity contributes to provide synchronized extended and retracted strokes during positioning. The servo valves (EWS3/4) adjust the amount of air and pressure to the left and right side pneumatic cylinders with regard to the control signal. As a result, the stage positioning is controlled.
Experimental results
This study is an experimental-based research. There are many parameters in the block diagram of Fig. 3 to be experimentally tuned. All parameters are tuned using the trail and error method. Figure 6 shows the flow chart of the experimental strategy. The experiments are performed by following the flow chart, which are explained in upcoming subsections. 
Tuning the outer loop parameters
The outer loop parameters are referred to the gains and time constants of the PDD 2 compensator and feedback PI compensator (
One of the most important parameter is the time constant T pi which should be equalized with T air(n) to obtain the driving mechanism as a perfect integrator. In Ref. [2] , T air is determined to be 5s using the step response. This time constant can be determined using three methods, the frequency response, the step response, and the trail and error method. However, the first method is destructive due to the high friction of the system, which might damage the stage at high frequency. Where, the accuracy of the second method is low. Therefore, to determine the optimal value of T pi to be equalized with T air(n) , we have used the trail and error method by changing the value of T pi though positioning of the stage. Firstly, some basic experiments were performed to determine the optimal value of K pi and the interval for the value of T pi . Therefore, the stage was positioned from 20,000 to 50,000 counts at t = 1s. Where, the gains of the PDD 2 compensator were set to very small values (K p = 0.5, K d = 5, and K dd = 25) and K pi was gradually increased for three values of T pi , i.e. T pi = 3, 4, and 10s. From the results shown in Fig. 7 , increasing K pi leads the rise time of the positioning response to decrease. In addition, it can be observed that K pi = 10 is the best value, for which the transient error is small for any value of T pi . Therefore, K pi = 10 was selected as the optimal gain of the feedback PI controller. However, the optimal value of T pi cannot be determined due to almost the same characteristics of the response for Figure 8(a) shows the closed-up view of the stage positioning for the mentioned gains. In this figure, the sinusoidal waveform shows the stage vibration due to reaction force. However, comparing the positioning waveform with the results without FDOB shown in Fig. 1 , the flow disturbance cannot be recognized yet. Separation of the flow disturbance will be discussed later in § 4.2.3. Therefore, due to the effect of these disturbances, the response cannot completely settle on the reference. However, from Fig.  8(b) , it can be observed that the signals e and a bp are almost synchronized. Hence, the mentioned values to the gains of the PDD 2 compensator are sufficient.
The natural frequencies of e and a bp are almost equal, which are measured to be 14.2Hz. Initially, the time constant of the PDD 2 compensator T d was set for a cutoff frequency of To find a proper value to T pi , the stage was positioned for different values of T pi . Where, the other parameters of the outer loop were set to their appropriate values. Figure 9 shows the closed-up view of the stage positioning, for different values of T pi . It can be observed from the results that the response becomes closer to the reference by falling T pi . Where, the natural frequency of the stage vibration is not changed. However, for T pi ≤ 4s, the response is fluctuating. Hence, it is concluded that the optimal value of T pi exists within the interval 4s < T pi < 6s. Therefore, T pi = 5s is selected as the optimal value of the feedback PI controller to obtain the driving mechanism as a perfect integrator. 
Estimation of the flow disturbance
In § 4.2.1, all parameters of the outer loop are tuned. Now, before applying the combined scheme, tuning of K n and K q are required. Referring to Fig. 3 , the estimated flow disturbance dˆfl is assigned in the output of the FDOB. It can be estimated by tuning K n and K q after a step disturbance is exerted in front of the pneumatic driving system under the steady-state condition of the stage and open loop condition of the FDOB (K ob = 0). In order to possibly provide an ideal FDOB, the Q-filter's gain was set to be K q = 1. Where, the parameters of the outer loop were set to their optimal values. Therefore, under the above mentioned conditions a step disturbance of 0.2V was exerted and the estimated flow disturbance dˆfl was monitored against changing the gain K n . The results are co-plotted in Fig. 10(a) . From the results, increasing K n leads the estimated disturbance to exceed over the step disturbance and also causes to increase the measured noise. In addition, due to the existence of Q-filters within the structure of FDOB, time delay is observed. On the other side, a spike is occurred in the estimated disturbance because of some uncertainties, such as nonlinearity. However, K n = 0.02 is the best value for which the estimated and step disturbances are almost the same. Small value of K n is due to the absence of K air(n) in the practical control block diagram as discussed in § 3.2.
In order to realize the performance of the FDOB, K ob was gradually increased against the step disturbance. The results are shown in Fig. 10(b) , in which the positioning variation due to the step disturbance is decreased by increasing K ob . This effect demonstrates the superior performance of the FDOB. Step 1 -Applying the FDOB prior to the BPJFB: The objective of applying the combined scheme is to control the flow disturbance and stage vibration by the FDOB and BPJFB schemes, respectively. Therefore, an appropriate experimental methodology should be found to control each issue successfully by using the corresponding applied controller. According to the theories explained in § § 3.1 to 3.5, the FDOB should be applied prior to the BPJFB. For this reason, the FDOB was applied prior to the BPJFB in Step 1. The aim was to firstly find an optimal value to the FDOB gain K ob for the open loop condition of Step disturbance
35
Journal of System Design and Dynamics Vol. 6, No. 1, 2012 BPJFB, i.e. B = 0, and then try to tune gain B using the optimal value of K ob . Under these conditions, the outer loop parameters and the gains K q and K n were set to their optimal values and the stage was positioned from 20,000 to 50,000 counts. Figure 11 shows the results without FDOB and BPJFB, with FDOB only, and with FDOB and BPJFB including repeatability. From the results with FDOB only, it can be seen that the FDOB is efficient only for a very short period of time, i.e. t ≈ 2.8s. Where, it is not effective beyond t = 2.8s. On the contrary, the results with FDOB and BPJFB show that the stage vibration due to the reaction force is almost suppressed by applying the BPJFB. The reason of inefficient performance of the FDOB scheme for t > 2.8s was thought to be due to the issue of the mechanical setup. For this reason, to improve the accuracy of the response, many other techniques were used, e.g. making the system precisely flat, dislocation of positioning (i.e. 50,000 to 80,000 counts), and etc. As a result, there was no any specific improvement. During experiments, it was found that the FDOB has damping performance on the stage vibration caused by the reaction force. Initially, the cutoff frequencies of Q-fiters within the FDOB were set to be 10Hz. In this case, since the natural frequency of the vibration caused by the reaction force is closer to 10Hz, the FDOB have a damping effect on this vibration, thus increasing K ob is limited. In other words, separation of the control performance is difficult to be obtained. On the other hand, decreasing the cutoff frequencies of Q-filters result in the improvement of high frequency noise and time delay. However, in such a case, the performance separation of each scheme can be improved. For this reason, T lpf was modified for a cutoff frequency of 5Hz. Figure 12 shows the advantage of decreasing the cutoff frequencies of the mentioned filters. From these results, it can be clearly seen that K ob can be increased efficiently. However, based on Figs. 11 and 12, the flow disturbance is still not completely suppressed. Therefore, K ob = 0.005 for T lpf = 10Hz, and K ob = 0.12 for T lpf = 5Hz cannot be accepted as the optimal values to the FDOB gain. 
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Step 2 -Applying the BPJFB prior to the FDOB: In Step 1, it was declared that separation of the issues and precisely tuning of gain K ob are difficult due to the damping performance of the FDOB scheme on the stage vibration. In addition, further increasing of gain K ob under the open loop condition of BPJFB might result in the instability of the system. Therefore, to come across a better methodology, the situation was further analyzed by comparing the results of Fig. 11 with the results of Fig.1 . In practice, the response is affected by the flow disturbance as well as the reaction force after the setpoint is applied. However, the effect of flow disturbance cannot be observed easily until the response reaches the setpoint. Referring to Fig. 1 , the positioning waveforms without FDOB show that due to the flow disturbance, the response cannot reach the setpoint for a long time. Whereas, the waveforms without FDOB and BPJFB in Figs. 11 and 12 show that the positioning response exceeds over the reference up to about t = 3s rather than not reaching the reference, while after t = 3s the response falls down for a while. This indicates that up to t = 3s the response is affected by both the flow disturbance and reaction force while beyond this interval, it is only affected by the flow disturbance (suppose other uncertainties to be zero). Therefore, it shows that the issue of the reaction forces is much stronger than flow disturbance up to t = 3s. For this reason, within this time interval, the flow disturbance cannot be separated to be controlled by the FDOB.
Therefore, to improve the separation and tuning methodology, it is better to firstly control the stage vibration caused by reaction force and find an optimal value for the BPJFB gain B under the open loop condition of FDOB, i.e. K ob = 0, and then try to tune the FDOB gain K ob using the optimal value of B. It is worth to notice that fortunately this method also obeys the theory as T ain(n) = T air = T pi . It indicates that the combination of the feedback PI controller and pneumatic driving system is a perfect integrator whether the feedback loop of FDOB is opened or closed. Where, according to the assumptions applied in Eq. (7), any kind of the flow disturbance can be rejected by properly applying the FDOB.
Under the above mentioned conditions, Fig. 13 shows the closed-up positioning results from 50,000 to 80,000 counts without BPJFB and FDOB, with BPJFB only, and with BPJFB and FDOB including repeatability. In Fig. 13 , the results with BPJFB only show that the stage vibration due to reaction force is almost suppressed and the repeatability is also improved. However, the BPJFB has a very small effect on the rise time, because it only performs as a Master-Slave system. In addition, the advantage of prioritizing the application of BPJFB can be evidently seen from the results with BPJFB only, as the waveform became almost the same as the waveform without FDOB shown in Fig.1 . It demonstrates that the issue of flow disturbance is clearly separated before t = 3s, thus the gain K ob can be tuned easily. For this reason, the results with both BPJFB and FDOB show that the flow disturbance is almost completely suppressed and the repeatability is further improved. In fact, the FDOB has a significant role on improving the speed of the response comparing to a simple pressure difference feedback. Notice that using trail and error method, the optimal gain of the BPJFB was found to be B = 0.022 under the open loop condition of FDOB. While setting B to its optimal value, the optimal gain of the FDOB was found to be K ob = 0.35.
It should be noted that the effectiveness of the FDOB scheme was very small in the results of Figs. 11 and 12 , because the issue of flow disturbance was still not separated, as mentioned before. Therefore, it can be concluded that due the damping effect of the FDOB on the stage vibration and strong effect of the reaction force between the interval 1s ≤ t ≤ 3s, optimally tuning of gain K ob cannot be realized under the open loop condition of the BPJFB scheme. For this reason, it is difficult to compare the results with FDOB only with the results with FDOB and BPJFB.
Notice that the response is also affected by the mechanical type disturbance, namely "Coulomb friction", as shown in the extra closed-up view in Fig. 14. This issue, which is not concerned to this research, is occurred due to the existence of nonlinear friction forces between the needle bearing systems used as the rolling guides. The problem of Coulomb friction can be controlled by developing the control scheme of Fig. 3 . 
Conclusion
In this paper, combination of the FDOB and BPJFB is successfully implemented. The main contributions of the combined scheme are suppression of the flow disturbance and stage vibration due to reaction force. The results of Fig. 13 show the excellent performance of the BPJFB on the suppression of stage vibration and improvement of repeatability. It also shows the strong ability of the FDOB on the rejection of the flow disturbance, development of the positioning speed (decreasing the rise time and settling time), and improvement of the repeatability. In addition, an enhanced experimental methodology is developed to separate the issues and to tune the parameters of each controller precisely. The methodology declares that due to the strong effect of reaction force within time interval 1s ≤ t ≤ 3s and damping effect of FDOB on the stage vibration, the FDOB gain K ob cannot be tuned for the open loop condition of the BPJFB. It was also found that the problem of Coulomb friction is another remained issue which should be considered. This issue can also be controlled by applying a separate controller, such as observer-based compensator.
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